Background As a research tool, cerebral microdialysis might be a useful technique in monitoring the release of cytokines into the extracellular fluid (ECF) following traumatic brain injury (TBI). We established extraction efficiency of Interleukin(IL)-1ß and Interleukin(IL)-6 by an in vitro microdialysis-perfusion system, followed by in vivo determination of the temporal profile of extracellular fluid cytokines after severe TBI in rats.
Materials and methods
In vitro experiments using a polyether sulfon (PES) microdialysis probe especially developed for recovery of macromolecules such as cytokines, were carried out to establish the extraction efficiency of IL-1ß and IL-6 from artificial cerebrospinal fluid (CSF) with defined IL-1ß and IL-6 concentrations. In vivo experiments in which rats were subjected to TBI or sham and microdialysis samples were collected from the parietal lobe for measurement of cytokines. Findings The extraction efficiency was maximal 6.05% (range, 5.97-6.13%) at 0.5 µl/min −1 and decreased at higher flow rates. Both cytokines were detectable in the dialysates. Highest IL-1ß levels were found within 200 min, highest IL-6 concentrations were detected at later intervals (200-400 min). No differences were found between the TBI and control groups. Conclusions Cerebral microdialysis allows measurement of cytokine secretion in the ECF of brain tissue in rats. [3, 8, 9, 13, 16, 17, 28, [41] [42] [43] . The exact contribution of these substances to local tissue damage is still not fully understood.
IL-1ß exhibits several actions in the brain, critical for host defence against brain injury and disease. This pluripotent, pro-inflammatory cytokine participates in a complex network of signalling molecules and seems to be one of the most important factors in the propagation and maintenance of the inflammatory cascade after TBI, being responsible for enhancing the activation of T-cells [3, 8, 20, 27] . IL-1 ß belongs to the IL-1 family which has three wellknown endogenous ligands, two agonists, IL-1α and IL-1 ß, and one IL-1 receptor antagonist [23] . IL-1 ß is synthesised as a cytosolic precursor protein of 31 kDa and after cleavage in the mature 17 kDa form, it becomes biologically active [18, 32, 45] . Microglia, expressing caspase-1, the enzyme responsible for cleaving pro-IL-1 ß, has been recognised to be the earliest and major source of IL-1. Also, various other endogenous brain cells, such as astrocytes, oligodendroglia, neurones, endothelial cells, and circulating immune cells, are able to express IL-1 ß [4, 38] . At least two types of IL-1 receptors are known, type I (IL-1RI) transduces the IL-1 signal and is widely expressed, type II (IL-1RII) is found on B cells, neutrophils and monocytes and preferentially binds IL-1 ß. IL-1 ß mediates the release of multiple pro-inflammatory cytokines, chemokines, prostaglandins, and other inflammatory mediators [4, 14] .
The pleotropic cytokine IL-6 mediates both deleterious and beneficial effects following TBI [44] and acts in synergy with IL-1 and tumour necrosis factor alpha (TNF-α), augmenting the response of immune cells to other cytokines [40] . It has a molecular weight of 26 kDa and belongs to a superfamily of structurally related cytokines with diverse biological properties. IL-6 is released in response to IL-1 and TNF-α, and secreted by T cells, astrocytes, microglia, and neurones [15] . The IL-6 receptor, present on the cell surface, consists of an IL-6 binding alpha chain and a signal transducer, gp130, which is shared among the receptors for the IL-6 related cytokine subfamily. Interactions of IL-6 with its receptor give rise to profound inflammatory cytokine production [46] .
Intracerebral microdialysis is based on the principle of diffusion of water-soluble substances across a semipermeable membrane, and clinical experience is rapidly increasing in patients with an ischaemic stroke, vasospasm-induced ischaemia after subarachnoid haemorrhage and severe brain trauma [49] . In the extracellular fluid (ECF), liquid found between the cells containing proteins and electrolytes, profound disturbances have been demonstrated in concentrations of glutamate and aspartate and energy-related metabolites such as lactate, pyruvate, adenosine, inosine and hypoxanthine after brain injury and these changes correlate with the severity of the injury [2, 6, 29, 31, [33] [34] [35] .
Recovery of cytokines and neurotrophins from the ECF of the brain has been reported in patients suffering from severe TBI using cerebral microdialysis [50, 51] . Although these observations are promising, we wondered whether intracerebral implantation of the microdialysis probe alone would affect cytokine production in the brain. Using a cerebral microdialysis probe, we first studied IL-1ß and IL-6 extraction efficiency in vitro followed by subsequent in vivo studies to determine the temporal profile of IL-1ß and IL-6 release in the extracellular fluid after TBI.
Throughout this paper we use the term "extraction efficiency" to describe the cytokine concentration in the dialysate expressed as a fraction of the cytokine concentration in the sample medium [7] .
Microdialysis in vitro
We used a 2 mm length microdialysis PES probe (CMA/12 14/02 PES CMA/Microdialysis AB Solna, Sweden) with an outer diameter of 0.5 mm and a molecular weight cut-off of 100 kDa especially developed for microdialysis experiments on high molecular weight substances equipped with a micro-injection pump and microfraction collector (CMA/ 102 CMA/142 CMA/Microdialysis AB Solna, Sweden). The inlet (12 cm) and outlet (7 cm) tubings from the microdialysis probe were connected to a syringe cannula and microfraction collector, respectively. The microdialysis perfusion fluid and the sample medium (2.5 ml) consisted of artificial CSF (Na 147 mmol L 
Sampling procedures
For measurements of the extraction efficiency, the microdialysis probe was placed in an Eppendorf tube, sealed hermetically containing 2. In one set of experiments, the microdialysis probe remained in the sampling medium (cytokine concentration: 50 ng ml −1 ), and the flow rate was increased stepwise (0.5-2.0 μl/min −1 ) to establish the effect of flow rate on extraction efficiency. In another set of experiments, we studied the relationship between the cytokine concentrations outside the probe with that in the dialysate. Therefore, the flow rate was kept constant (1.0 μl/min −1 ) and the dialysis probe was transferred at 200 min intervals into sampling medium containing increasing concentrations of cytokines (2, 10, 50, and 250 ng ml −1 ). In this experiment, sample interval was 100 min.
To study the temporal relationship between changes in cytokine concentration outside the probe versus the dialysate, the probe was placed in medium containing 10 or 50 ng/ml −1 IL-1ß or IL-6 for 600 min. Flow rate was maintained at 1.0 μl/min −1 and six dialysate samples were collected. Thereafter, the probe was transferred into cytokine free sample medium for another 200 min, and two sequential samples of 100 min were collected.
Surgical preparation and controlled cortical impact (CCI)
The tail artery was cannulated with a 14G polymer catheter (length 25 mm) and connected to a pressure transducer to monitor blood pressure and obtain blood gases. The head of the animal was mounted in a stereotactic frame. After a midline scalp incision, a craniotomy was performed over the right hemisphere extending from the lambda to the bregma and zygomatic arch. In six rats, a standard severe CCI was applied as described by Dixon et al. [10] . The impactor tip with a diameter of 7 mm was adjusted to produce an impact at the centre of the exposed brain with an impact velocity of 5 m/s −1 , duration of 130 ms, and a depth of 3 mm. The impact velocity of the CCI was monitored with the use of a computer software program (LabView for Windows). Sham rats underwent an identical surgical procedures but did not undergo a CCI. The microdialysis probe was placed stereotactically in the right hemisphere at a depth of 3 mm (co-ordinates: −1.5 mm bregma, 3.0 mm lateral), afterwards. After CCI or sham procedure, via a small burrhole, an intracranial pressure monitor and brain temperature device was placed in the contralateral frontal hemisphere. Subsequently, the scalp incision was closed. Animals remained in the stereotactic frame throughout the whole experiment.
Microdialysis in vivo
Twelve adult, male SD rats (300-350 g; Harlan, Indianapolis, USA) were accustomed to the laboratory for at least 24 h. They were anaesthetised with Isoflurane 5% in a ventilated anaesthesia chamber. After endotracheal intubation with a 16-gauge Teflon catheter, the rats were mechanically ventilated at a respiratory rate of 80 breaths per minute and remained under full anaesthesia during the whole experiment (Isoflurane 2% in oxygen 45%). The animals were evaluated every 15 min for level of anaesthesia by monitoring the pinch reflex. Rats were either subjected to focal TBI (n=6) or served as controls (n=6). Directly thereafter, the microdialysis probe was inserted to a depth of 3 mm into the penumbra zone of the lesion or normal brain parenchyma (controls) according to the following coordinates: −1.5 mm from bregma, 3.0 mm lateral from midsagittal line and perfusion was started at a flow rate of 1.0 μl/min
. Similar to the in vitro experiments, the microdialysis perfusion fluid consisted of artificial CSF containing 0.5 mg ml −1 BSA fraction V. The sampling procedure was started 30 min after probe insertion. Four sequential dialysate samples were collected, at a time interval of 100 min. Animals remained in the stereotactic frame throughout the experiment. Body and brain temperatures where kept within normal range. At the end of the experiment, the rats were sacrificed by decapitation.
Cytokine assays IL-1ß and IL-6 concentrations of the medium and dialysates were measured using an enzyme-linked immunosorbent assay (ELISA) specific for rat IL-1ß and rat IL-6 as described elsewhere in detail [25, 37, 39] . The detection limit of the assay was 10 pg IL-1ß ml −1 and 50 pg IL-6 ml −1 , respectively.
Statistical analysis
Data is expressed as mean ± standard deviation. Pearson correlation coefficients were used to analyse the correlation between the measured cytokine concentration of the medium and cytokine concentration of the dialysates obtained. Differences were rated significant at a probability error of less than 0.05. The statistical evaluation was carried out using SPSS 9.0 for Windows.
Animal ethics
The research protocol for the in vivo experiments as outlined above was reviewed and approved by the Animal Protocol Review Committee at Baylor College of Medicine Houston, Texas USA, using the National Institutes of Health guidelines for the care and use of laboratory animals.
Results

Microdialysis in vitro
In vitro microdialysis experiments using dialysis fluid without serum albumin, revealed low but detectable concentrations of IL-1ß (6 pg/ml −1 ) only in the first dialysate sample (50 min). In all subsequent dialysate samples, including the wash-out samples, IL-1ß concentrations were below the lower limit of detection. Measurements of IL-1ß in the medium itself, showed a substantial decrease in IL-1ß concentration (from 3,277 to 305 pg/ml −1 ) before and after dialysis for 200 min. Also, a gradual decrease in concentrations of IL-6 in the dialysates was found. Extraction efficiency decreased from 7.07% at the beginning of the experiment to 2.24% at 200 min. In both wash out samples, IL-6 concentrations were below detection limit (<40 pg/ml
−1
). Samples taken from the medium at 0 and 200 min, showed a more than 50% decrease in cytokine concentration. As the disappearance of IL-1ß and IL-6 from the medium may relate to non-specific binding to tubing, MD probe, vials etcetera, we added a protein coat to the medium and perfusion fluid (0.5 mg/ml −1 BSA). This resulted in steady concentrations of cytokines in the medium. Furthermore, extraction efficiency at a certain flow rate was found constant during the experiment. Therefore, BSA was used in all experiments described.
Experiments in which the flow rate was altered during perfusion revealed that increased flow rates resulted in decreasing extraction efficiencies (r=−0.746, p<0.05). For instance, at a flow rate of 0.5 µl/min −1 , the mean extraction efficiency was 6.05% (range: 5.97-6.13) and increasing the flow rate to 1.0 µl/min −1 decreased the mean extraction efficiency of IL-1ß to 1.46% (range 0.73-2.89). Experiments designed to study the relationship between the cytokine concentration outside the probe with that in the dialysate revealed a linear relationship (r=0.953, p<0.05, two tailed) between the cytokine concentration in the medium and microdialysis samples over a wide concentration range. In these experiments that are carried out at a flow rate of ml min −1 , the extraction efficiencies of IL-1ß
and IL-6 were 0.82±0.60% and 0.75±0.49%, respectively (Fig. 1) .
Microdialysis in vivo
In three CCI and four control rats, detectable IL-1ß (>1.2 pg/ml −1 ) was found in one or more dialysate samples.
Except for one control rat, in all of these "IL-1ß responders", the highest levels IL-1ß were found in the first 100 min following insertion of the microdialysis probe (mean: 9.0±9.2 pg/ml −1 ). In one control rat, the highest ECF IL-ß concentration was found at 200 min. Concentrations of IL-1ß were lowest at 300 min following insertion of the microdialysis probe (mean: 3.7±2.2 pg/ml −1 ). Mean IL-1ß concentrations at 200 and 400 min was 6.4±6.2 and 4.9±2.6 pg/ml −1 , respectively. No significant differences in IL-1ß concentrations were found between CCI and control rats (Fig. 2a) . Four CCI and five control rats had detectable IL-6 concentrations (>20 pg/ml −1 ) in one or more dialysate samples. Except for one CCI rat, all "IL-6 responders" had the highest IL-6 concentrations (43.8±16.6 pg/ml
) at the end of the experiment (400 min). One CCI rat had the highest ECF IL-6 concentrations at 300 min. Furthermore, a gradual increase in IL-6 concentrations was noted. At 100 min, IL-6 was detectable in only one sample (25.6 pg/ml , respectively. No significant differences in expressions of IL-6 were found between CCI and sham operated rats (Fig. 2b) .
Six out of seven "IL-1ß responders" were "IL-6 responders" as well (n=6). Four of these belonged to the control group. In one CCI rat, only IL-1ß was detectable in the dialysates. Three rats, of which two belonged to the . Stepwise increase in cytokine concentrations in medium result in proportional changes in the dialysate. b Relationship between extraction efficiency and flow rate as determined in vitro control group, were "IL-6 responders" but IL-1ß was not detectable in any of the samples. In two rats, one CCI and one control, both IL-1ß and IL-6 concentrations were below the detection limit.
Discussion
In the present study we demonstrated that the extraction efficiency of IL-1ß and IL-6 is constant over a wide concentration range of these cytokines, using in vitro approaches. Using in vivo microdialysis, we show the temporal pattern of cytokine secretion in the brain of rats during the acute phase of brain surgery and CCI.
Microdialysis in vitro
In vitro studies were designed to study extraction efficiency of cytokines, in which BSA was added to the microdialysis perfusion fluid and sample medium. Serum albumins are often used to saturate non-specific binding sites on plastics and other materials, thereby reducing non-specific binding of low abundancy proteins, peptides and other materials [19] . Indeed, addition of BSA to the medium largely prevented cytokine disappearance and markedly increased the cytokine concentrations in the samples and improved the consistency of the results. At a flow rate of 1.0 µl/min −1 , steady state cytokine concentrations were measured within 1.5 h after placement of the probe in a cytokine-containing medium. Thus, at this flow rate the present set up allows signals outside the microdialysis probe to be detected in the dialysate with a delay of approximately 1-1.5 h.
Appropriate interpretation of the results of cytokine measurements in the microdialysis samples requires knowledge on the relationship between ECF cytokine concentration and the levels measured in the dialysate. In the present study, we demonstrate a fair linear correlation between the cytokine concentration as measured in the medium and that in the dialysates over a wide concentration range of IL-1ß and IL-6. This indicates that alterations in the signal measured in the dialysate can be interpreted as proportional changes in the medium outside the membrane i.e. in the ECF. The data further show a mean extraction efficiency of rat IL-1ß and IL-6 of 1.2% and 0.7%, respectively.
As expected, the extraction efficiency is affected by the flow rate. As shown in the present data, increasing the flow rate results in a non-linear decline in extraction recovery. We hypothesise that in addition to flow rate dependent sample dilution, increasing the flow rate leads to an increase in hydrostatic pressure which may result in a net outflow of dialysate fluid and consequently in a non proportional decline in the apparent diffusion of cytokine across the membrane. From this perspective, the flow rate should be as low as acceptable to increase cytokine recovery. Given the lower limit of sample volume for appropriate sample handling, reduction of the flow rate will require increased sample collection time and consequently reduce the temporal resolution of alterations in cytokine secretion. Thus, the conditions represent a compromise that is largely dictated by the extraction efficacy, the lower limit of detection of the cytokines and, temporal resolution required in the experiment.
The zero net flux method as described by Lönnroth et al. is another, well known approach to investigate recovery rates of substrates by microdialysis. Varying the concentration gradient over the microdialysis membrane by gradually increasing the substrate of interest in the perfusion fluid, a corresponding change in net influx in the dialysate can be recorded [26] .
Microdialysis in vivo
Following on our in vitro experiments, we performed experiments in rats either exposed to focal brain injury or sham procedure. The goal of these experiments was twofold. First, to explore the feasibility of cytokine extraction from the ECF of the brain using cerebral Connected datapoints refer to individual rats microdialysis. Secondly, to elucidate the temporal profile of extracellular IL-1ß and IL-6 in the acute phase after TBI. Both IL-1ß and IL-6 were detectable in the dialysates in seven and nine animals, respectively. Highest expressions of IL-1ß were found in the first samples obtained. Given the delay of the signal which is in the present setup approximately 60-90 min, it seems that IL-1ß that is present in the first sample is supposed to be secreted short after placement of the dialysis probe in healthy or traumatised brain tissue. This observation is in accordance with previous studies, which have shown increased expression of IL-1ß in the acute phase following traumatic brain injury [12, 21, 22] . IL-1ß is a pluripotent cytokine and plays a key role in the inflammatory cascade [3, 48] . It has been reported that IL-1ß acts as a mediator in the inflammatory response and induces the expression of neuroprotectant-and neurotrophic factors in a traumatised brain [30] . Furthermore, enhanced glial activation is associated with increased expression of inflammationrelated mRNA's, including IL-1ß, TNF-α and, IL-6 [24] .
Most of the early experimental TBI studies measured high levels of cytokines in brain homogenates, which include both intracellular and extracellular proteins. Raghupathi and colleagues found increased IL-1ß levels at one hour after trauma, which remained elevated up to 6 h [36] . Experiments from the same group show significantly increased IL-1ß mRNA expression one till six hours after TBI [11] . Taupin et al. found increased IL-6 and IL-1 levels, 8 h after trauma in the ipsilateral cortex. Elevated cytokine concentrations were observed up to 18 h and decreased thereafter to basal values [47] . As compared to these studies, the lower cytokine concentration found in our series using cerebral microdialysis, might be due to the lower level of secreted cytokines in the ECF.
Our findings suggest that release of IL-1ß precedes a gradual increase in expression of IL-6. Increased expression of IL-1ß in the acute phase after brain injury could be the mediator of the increased production of IL-6. The proinflammatory cytokine IL-1ß, induces CNS glial cells to produce other cytokines [14] . In a study of Knoblach et al., significantly elevated IL-1ß were found 4 hours after fluid percussion brain injury in the ipsilateral cortex [22] . Moreover, Acarin et al. found increased expression of IL-1ß and TNF-α followed by cytokine positive cells for IL-6 in an adjacent area 2-10 h after injection of N-methyl-Daspartate, producing an excitotoxic lesion in the brain [1] .
In our study, no significant difference in extracellular IL-1ß and IL-6 concentrations was found between TBI rats and controls. From extensive research work done by, amongst others, Feuerstein and co-workers, it is known that inflammatory processes endure for at least several days after brain injury [13] . In our experiments, the time of measuring cytokines (400 min) is probably too short to explore the whole spectrum of the post-traumatic neuroinflammatory cascade. However, one of the main purposes of this pilot study is to explore whether it is possible to measure cytokine release in rat brain with the use of microdialysis techniques. In the future, an experimental setup, in which animals are awake and monitored for a longer period, will be an interesting follow-up study.
Fairly frequently, IL-1ß and IL-6 levels were found below the lower detection limit in the dialysates. Early microdialysis experiments of Benveniste et al., tissue reactions were found adjacent to the microdialysis probe. In the first days after insertion, haemorrhage surrounding the probe was found occasionally. Late tissue effects consisted of collagen deposits and occasional granuloma formation [5] . Although the microdialysis probes used are designed for studies on high molecular weight substances, pores of the membranes could be blocked by blood or brain particles due to traumatic alterations of brain tissue, thereby reducing extraction efficiency. If this is the case, further slow down of the flow rate in the in vivo experiments will possibly increase the cytokine extraction resulting in higher cytokine concentrations in the dialysates. Taking the increased sampling time into account and adjusting sample frequency, lowering the flow rate or ultimately a stop flow experiment would be interesting in long-term microdialysis experiments.
The specific contribution of the surgical procedures, and in particular penetration of the microdialysis probe in the brain parenchyma itself, to the inflammatory response is an important factor in the interpretation of our microdialysis data. Woodroofe et al. showed in their studies that the probe itself, without additional trauma, is sufficient to elicit a local immune response in the brain with increased IL-1, 2 days after implantation. IL-6 was strongly increased early until day 1 and decreased by day 2 [52] . Although minimally invasive, the microdialysis technique could give rise to a restricted acute inflammatory response. If this is the case, the (local) inflammatory cascade could lead to haemostatic disturbances in the brain tissue surrounding the probe, resulting in changes of concentrations of substrates in the interstitial fluid and thereby influencing the microdialysis results. Therefore, using cerebral microdialysis in monitoring metabolic and neurochemical parameters as well as mediators of the inflammatory cascade in the ECF of injured brain tissue, one has to take into account that local environmental disturbances caused by the microdialysis probe itself, might result in temporary alterations in substance concentrations.
Conclusions
Microdialysis allows monitoring of IL-1ß and IL-6 secretion into the damaged brain. Addition of a carrier protein to the medium and the perfusion fluid markedly enhances the apparent extraction efficiency, thereby facilitating the detection of cytokines in microdialysis studies in vivo. Extraction efficiency is consistent for at least eight hours for both cytokines tested, independent of the cytokine concentration. Extraction efficiency decreases by increasing flow rate. Extraction efficiency at higher flow rates is not reliable when using a PES membrane with a high molecular weight cut off (100 kDa).
Our findings further suggest that release of IL-1ß precedes a gradual increase in expression of extracellular IL-6. No significant difference was found between injured and sham operated rats in expression of extracellular Il-1ß and IL-6 indicating that surgical procedures and implantation of the microdialysis probe itself may cause cytokine release in the brain. Further studies are therefore needed to determine whether cerebral microdialysis for monitoring cytokines may be useful in this field of research.
